The prediction of the electrical energy generated by a photovoltaic system is useful for estimating the profitability analysis of a project, without the need of expensive photovoltaic prototypes. Prediction systems are usually based on simulating the physical process of a photovoltaic module, under standard or average local weather conditions. These predictions introduce some errors caused by the use of a theoretical model or average climate data.
Introduction
Environmental concerns and the future shortage of fossil fuels keep interest in renewable energy sources. Nowadays, solar energy is a rapidly growing renewable energy source. Solar cells directly convert sunlight into electricity, with no noise and no air pollution, reducing the need for conventional fossil fuels. Photovoltaic grid connected systems arise as a result in the development of photovoltaic systems. Utility-scale photovoltaic power plants of several MW and building integrated photovoltaic systems in the range of kW are the two most usual ways for generating electricity from sun [2] . Domotic equipment consists of a set of computing elements that are distributed within the entire building. These elements are linked by one or several communication protocols, such as KNX, for data transmitting [3] .
Many manufacturers of low voltage electrical equipment commercialize domotic devices. Among others, low-cost domotic weather sensors can be found. They also offer devices for connecting the domotic devices to a data network, in addition to metering devices for electric power and energy.
The development of domotic techniques for automation and metering of a building is an activity which grows in parallel with building integrated photovoltaic systems. Although home automation was initially focused on getting comfort and security [1] , its techniques can also address to get energy efficiency.
A photovoltaic power plant and a domotic system can both coexist in a building, but they do not use to interact directly with each other [4] . A domotic system for recording the sun illuminance can be useful in estimating the power and energy production from a photovoltaic (PV) plant. That information can be transmitted through the building domotic system to the Operation and Control Centre of the bulk electric power system in that area.
An Electric Control Centre usually gets data from the actual state of loads, power transmission lines and conventional power plants. It also gets power production data from medium to large-size wind and solar power plants. The power system operator makes use of these data for performing tasks like State Estimation, Contingency Analysis, Unit Commitment and Economic Dispatch.
Nevertheless, nowadays data received by the Electric Control Centre do not include the power generated by power plants that are integrated into buildings [2] . This could cause an error in evaluating the total amount of power generated by the whole electric system, because that kind of distributed generation should not be currently considered negligible. Domotic systems can provide a solution to this emerging problem [4, 5] .
In this paper, we propose a hardware/software system based on domotic weather sensors for estimating the energy production of a photovoltaic plant that is integrated into a building. We have used a real solar plant and a real domotic installation to measure the accuracy of the power and energy prediction that is provided by our system.
Experimental Methodology
For achieving our objectives, we use a domotic KNX installation for metering the energy and power production that is supplied by a 20 kW photovoltaic plant (see Figure  1) . In this paper, we use the values measured during seven days in March 2010 (from 23 th to 29 th ). The installation includes a domotic weather station (see Figure 2) , which monitors the sun illuminance in Lux. The PV plant consists of solar modules with an area of 176 m 2 that is placed on the roof of a building, which is oriented to the South. A three phase inverter is used to convert the DC into AC current, which is injected to the low voltage electric grid. The connection of the metering equipment to the AC power lines is made with three current transformers. The electronic meter is also connected to a domotic KNX bus that allows us to get monitoring data, which are sent to a computer. In our experiments, we registered the power and energy that was generated by the PV plant that is shown in Figure  1 . The data obtained for PV power during one of the days involved in the experiments can be seen in Figure 3 . Additionally, we synchronously registered the sun illuminance during 24-hour intervals, by means of the domotic weather station that is shown in Figure 2 . The data obtained for the sun illuminance during the same day that was used in Figure 3 can be seen in Figure 4 . Note that this curve shows a long plateau during the central hours of the day with different time intervals of illuminance fall due to clouds. The correlation between the power and illuminance curves can be clearly seen in Figure 5 , where both curves are overlaid. Note the matching of both curves. The variability of solar radiation due to clouds in the center hours of the day follows the power curve. In a sunny day, it is possible to clearly observe the close relationship between the power and sun illuminance curves. Figure 6 shows the data that we registered during the third day of the week that was involved in our experiments. The PV energy that was generated during this day was the highest energy obtained for one complete day. Note in Figure 6 the shape of both curves, which can be representatives of a day without clouds. The illuminance curve is flat during the central hours of the day (from 8:15 to 15:15 approximately). This flat shape is caused by the saturation of the illuminance sensor that is integrated into the domotic weather station. However, the power curve is not saturated and follows the position angle of the sun with respect to the perpendicular axis of the PV modules. When the power curve has reached the maximum, the deviation of the position angle of the sun from the perpendicular axis of the PV modules is lower than in other hours of the day.
If the principal and secondary vertical axes of Figure 6 are normalized by using the respective maximum values of each axis, we observed that the areas under both curves are approximately equal. The area that is under the section of the illuminance curve over the power curve during the early hours of the day is balanced with the respective areas during the midday and evening hours. From the point of view of energy production, the seventh day was the worst day. This was caused by the amount and density of cloud cover during that day. Figure 7 shows the power and sun illuminance curves that were registered with our domotic KNX installation. The shapes of both curves are influenced by the cloudy weather conditions during the seventh day. Note that the illuminance curve closely follows the power curve when the illuminance sensor is not saturated.
The energy production can be measured by integrating the power curve. Thus, when the energy production for a day is lower than for another day, the area under the power curve for the first day is smaller than the area under the power curve for the second day. Since we have observed that the area under the sun illuminance curve is proportional to the area under the power curve, our conjecture is that with the area under the illuminance curve, the photovoltaic energy production can be modelled and predicted.
From all these experimental results, our goal was to propose a theoretical method for predicting the energy production of PV plants by using low-cost domotic weather sensors. The next section describes a simple modeling approach for the photovoltaic energy production that can be easily implemented in a computer. 
Modelling Approach
The system proposed for predicting the energy that could be produced by a PV power plant is based on the experimental results that were described above. These observations suggest a proportional relationship between (a) the energy E produced by a PV system in a given day and (b) the amount of sun illuminance L received by the PV modules during the curse of the day. The proportionality factor α is derived trough a procedure that we called "Calibration", which will be described later in this section.
The amount of sun illuminance received by the PV modules in the curse of a day can be estimated from the equation (2).
The illuminance data provided by a domotic weather station are measured periodically at sampling intervals. Therefore, illuminance can be approximately estimated as in equation (3). where l i is the illuminance value provided by the domotic weather station at a given time and ∆t is the value of the sampling interval.
In this calibration procedure, several days must be selected for achieving an acceptable value of the proportionality factor. The factor α j between the energy E j produced in a day j and the corresponding amount of illumin- ance L j is calculated for every selected day according to the equation (4) .
where N is the number of days used to perform the calibration procedure.
Finally, the proportionality factor α that can be used to predict the energy generated by the PV system is calculated as the average of the α j factors.
Therefore, once the factor α for a given location is known, our system can predict the energy that would be produced by a PV power plant by only using a low-cost domotic weather station. So, a prototype of the PV power plant is not required. In the next section, we describe the accuracy achieved by our prediction system operating under real conditions.
Results
In this section we show some results that were provided by the modeling approach for the energy production when it is applied to the real photovoltaic power plant that was described in Section 2. For each one of the days used in the experiments, three measurements were registered by a domotic KNX installation [3] . Two of the measurements are electric: the energy that is supplied by the photovoltaic plant, and the RMS three-phase power. These measurements were registered by an electronic meter used for electricity metering from ABB (model DELTAplus). This meter is connected to the KNX domotic installation by using the respective interface. The electricity meter monitors the electric line that transports the three phase voltage, which is supplied by the photovoltaic DC/AC inverter circuit. The electric connection between the electricity meter and the output inverter electric lines is implemented with three current transformers. The electricity meter accumulates and saves the photovoltaic energy in its internal electronic memory. Additionally, the electricity meter registers and stores in its internal memory the photovoltaic power. We use a computer that is connected to the domotic KNX installation for directly accessing to the meter memory. In this way, the photovoltaic energy and RMS power that were saved by the electricity meter can be saved in the hard disk of the computer.
On the other hand, the outside illuminance was registered with a weather station from Siemens (model AP257/21). This module, the electricity meter and computer are connected to the same KNX domotic installation. The computer accesses to the weather station to take the sun illuminance.
In the experimental methodology, each one of the days was divided into sampling intervals, in which three measurements were taken: photovoltaic energy, photovoltaic power and sun illuminance. The sampling interval was 2.1 minutes on average. Thus, more than 600 measurements were taken each day.
With the data that were registered during seven days, we calibrated our energy prediction hardware/software system following the method that is described in Section 3. Table   I Figure 8B shows results of the predicted and measured photovoltaic energy (grey and black bars respectively). The numerical results are also shown in Table I . Additionally, Figure 8A shows the power RMS and sun illuminance (Li) that were measured each sampling interval of the seven days.
As can be seen in Figure 8B and Table I , the average error of the predicted energy production is 3.7% in the time interval of seven days that was used in the experiments (see Average bars in Figure 8B and the last column of the Table I ). The maximum error was 8.25% (fifth day), and the minimum error was 0.28% (third day).
These results allow us to corroborate that registering the sun illuminance with a domotic weather station can estimate with high precision the energy that is supplied by a photovoltaic plant during each day. Additionally, our proposal of calibration process is computationally simple, and its errors can be tolerated when estimating the economic profits of a photovoltaic plant.
Conclusions
A low-cost hardware/software system that is based on domotic weather sensors has been designed for metering and predicting the power and energy production supplied by a photovoltaic power plant that is integrated into a building. A prototype system has been installed and tested under real conditions in a hotel located at a tourist area in Gran Canaria (Canary Islands, Spain).
Measurements of sun illuminance and photovoltaic electricity have been taken during a long period of time. The analysis of the system operation and the recorded measurements allow us to draw the following conclusions:
• It is possible to build a low-cost system for photovoltaic power and energy prediction using standard domotic devices. The price of our prototype is 1500 €, which is negligible when is considering the cost of a photovoltaic plant: ~ 5000 € / kWh.
• Our analysis shows that there exists a correlation between the sun light level that is measured by a domotic weather station and the electric power that is supplied by the photovoltaic plant. We have proposed and designed a calibration method that predicts the energy supplied by a photovoltaic plant. The precision of our prediction method is 96.3%.
An application of our prediction system could be the estimation of the solar potential at a given geographic location. This evaluation of the solar energy could be useful in the design stage of a new photovoltaic plant, since a accurate and reliable preliminary profitability study can be addressed [5] .
